The Electromagnetic acoustic transducer (EMAT) is used in a number of non-destructive testing applications [1] [2] [3] [4] [5] . The EMAT's operation is principally based on one of two mechanisms; the Lorenz force and magnetostriction mechanism [6-9]. The magnetostriction mechanism of an EMAT at elevated temperatures is reported in this paper. An optimized model is developed to describe the magnetostriction of polycrystalline iron, which is based on Brown's magnetic domain wall movement model [10] and Lee's magnetic domain rotation model [11] . The magnetostriction curves of polycrystalline iron for the temperature range 300 K to 900 K are predicted, which reveal that the saturated magnetostriction coefficient changes from to approximately . A non-linear, isotropic magnetostriction, finite element model is developed to simulate the Lamb waves generated in 4 mm thick steel plate by an EMAT, and the results show that the amplitude of S0 Lamb wave is greatly enhanced with an increase of temperature. In the experiments, a magnetostriction-based EMAT is used to generate Lamb waves in 4 mm thick steel plate. Experimental measurements verify that the contribution of the magnetostriction mechanism on steel rises as temperature increases in the range 298 K to 873 K, while the contribution to ultrasonic generation from the Lorenz force mechanism decreases, as expected.
generation or detection of ultrasonic waves. Certain EMAT designs can also make magnetostriction the major contributor [26] to ultrasonic generation by increasing the lift-off of a coil-only generator.
An EMAT generates ultrasonic waves in the sample's electromagnetic skin-depth directly, while a contacting piezoelectric ultrasound probe generates ultrasound waves in the active piezoelectric element inside the probe, which then propagates through the probe into the sample [27] . Therefore, the efficiency of EMATs is related to the EMAT lift-off from the surface of the sample, the EMAT design and the physical properties of the sample, including electrical conductivity, magnetic permeability, Young's modulus, etc., which can be significantly affected by the temperature [28] [29] [30] . In high temperature applications, the efficiency of EMAT as a generator or detector usually reduces drastically, due to the reduction of Lorentz force, linked to a decrease in the electrical conductivity of the sample [17, 18, 22] . This paper focuses on the contribution of the magnetostriction mechanism to the EMAT when a low-carbon steel sample is at elevated temperature. A magnetostriction model is developed to predict the magnetostriction curves of polycrystalline iron at different temperatures. A 2-D, non-linear, isotropic magnetisation finite element (FE) model is also built, which is used to simulate and analyse the process of excitation by the EMAT in the time domain. In addition, series experimental measurements are conducted to validate the simulation results.
Theory 2.1 Magnetostrictive effect.
In the magnetostrictive effect, also known as the Joule effect, strain is induced in a sample by the application of a magnetic field. The atomic orbital moment and spin magnetic exchange interaction changes, resulting in changes in the magneto-elastic properties of the sample. In the direction of the lowest magneto-elastic energy, the maximum displacement occurs between adjacent atoms, causing strain in a region called the magnetic domain. For cubic crystals, the magnetostriction coefficient of a single domain can be obtained from where, ( =1,2,3) are the direction cosines of the direction of measurement referenced to the crystallographic axes, and are the direction cosines of the direction of spontaneous magnetisation referenced to the crystallographic axes. The parameters and are the spontaneous magnetostriction coefficients along the [100] and [111] crystal axes respectively. At room temperature [31] , the values of these two coefficients are and . Due to the relatively high energy of a single magnetic domain body, the magnetic material naturally arranges itself into massive smaller magnetic domains to minimise the free energy of the system, whether the material is single crystal or polycrystal sample [29] . The crystallographic axes directions of single crystal are completely defined, whilst for a polycrysalline sample the individual grains are usually almost randomly orientated with respect to each other, although working metals can produce some amount of anisotropy. Therefore, the magnetostrictive properties of a single crystal material and a polycrystalline material exhibit quite different behavior. Polycrystalline alloys of iron are the most widely used metals in engineering and are the most common targets samples for an EMAT. Therefore, polycrystalline iron is the main focus of this paper.
Magnetisation process of a grain. The arrows inside the grain represent the spontaneous magnetisation direction of the magnetic domains. Without the application of an external magnetic field (a) the net magnetisation of the sample is zero. As a small external field is applied (b). At a higher applied field (c), the magnetic domain wall movement is completed, until finally at an even higher level of applied magnetic field (d) the magnetisation direction of the magnetic domain rotates to tend to align with the applied field.
Due to the presence of the magnetic domains, magnetic materials that have been demagnetised or that have no barriers to magnetic domain wall motion do not show magnetism and magnetostriction when no external magnetic field is applied. However, if an external magnetic field H exists, those magnetic domains with a smaller angle between the direction of spontaneous magnetisation and the external magnetic field become larger, and vice versa, which is achieved by the movement of magnetic domain walls. When the external magnetic field continues to increase, the magnetic domains rotate, trying to make the angle between the direction of spontaneous magnetisation of the magnetic domains and the external magnetic field direction smaller, as shown in Fig. 1 . In the phase of magnetic domain wall movement, assuming that the magnetisation directions of these magnetic domains are random in a polycrystalline sample, the change in the macroscopic magnetostriction can be obtained by calculating the average of the magnetostriction changes of these domains. It is necessary in principle, to know the number, size and shape of each domain as well as the direction of its magnetisation vector. This information is usually not available for real samples, and instead it is usually assumed that the number of domains is so great that the material may be regarded as being in a state of uniform stress. In this case, the mean strain is simply the volume average of the individual strains. Only the distribution of the direction of the domain vectors need then be known. This may be characterized by a distribution function , so that the mean magnetostriction can be given by where, is an elementary solid angle [11] . Brown considers that the distribution of the function conforms to the Boltzmann distribution and thus yields the magnetostriction coefficients [10] , as shown in table 1. Note that in table 1, the magnetisation rate is the ratio of the magnetisation to the saturation magnetisation . As a supplement, Lee gives a magnetostriction model for the magnetic domain rotation phase [11] . The easy magnetisation axis of the iron cubic crystal is [100], and because of the symmetry of a cube, the relative position between the directions of the external magnetic field and the spontaneous magnetisation is limited to a triangle on a unit sphere as shown in Fig.  2 . In the spherical coordinate system, the direction of is represented by and , the direction of is represented by and , then:
where, indicates the degree of magnetic domain rotation, and = 1 represents magnetic saturation. The parameter can be obtained by the area integral of the triangle:
where, is given by . For a fixed value of , the corresponding average magnetisation rate can be obtained. For magnetostriction, expressing and in terms of , and , , from the equations (1) and (3) one obtains:
Both of these expressions can be averaged using the same method as used to obtain . The analytic solution of the integral may be difficult to acquire, but the numerical solution can be easily calculated. The magnetostriction coefficients for magnetic domain rotation can be obtained by assuming a series of values for A. So, the magnetostriction curve of polycrystalline iron can be obtained by combining magnetic domain wall movement and magnetic domain rotation, as shown in Fig. 3 . However, the results are quite different from those obtained from the experiment [11] , and only agree with them when the magnetisation rate is low or high.
[001]
[010] [100]
[110]
[111] 
Model optimization
Lee's magnetic domain rotation model is based on the assumption that the magnetic domain wall movement has been completed before the magnetic moment start to align with the applied field. However, these two processes are actually occurring at the same time in realistic samples [10] , which mainly cause this divergence between the experiment results and the prediction. Usually, defects and impurities in the crystal structure can form potential energy barriers to domain wall movement, where both the Brown and the Lee models do not consider these effects, which also may cause this divergence. Therefore, the models need to be optimized to make them more comparable with the actual magnetisation process.
The magnetisation process of polycrystalline iron is quite complex. The distribution of magnetic domain wall movement and magnetic domain rotation over the entire magnetisation process cannot be precisely known. However, it can be confirmed that the domain wall movement has the dominant effect when the magnetisation rate is low. Once the domain wall movement is effectively completed, the rotation of the magnetisation vector plays the major role, occurring when the magnetisation rate is high. It is proposed that an empirical function could be used to control the distribution of the two processes occurring as the magnitude of the applied magnetic field increases. The magnetisation rate and the magnetostriction are and respectively at the inflection point of the curve in Fig. 3 , and the saturation magnetostriction is . For the domain wall movement, the magnetisation rate needs to be extended from to , whilst its total contribution to the magnetostriction is maintained and unchanged. is the derivative of the magnetostriction curve contributed by the movement to , such that:
where, determines the contribution of domain wall movement in , and determines the contribution of domain wall movement in the region where . The larger values of and mean more concentrated contributions to the magnetostrictive parameter. Similarly, for the rotation of the magnetisation vector, the magnetisation rate needs to be extended from to , while maintaining its contribution to magnetostriction.
is the derivative of the magnetostriction curve contributed by the rotation to , so that:
where, determines the contribution of the rotation of the magnetisation vector in , and controls the contribution in the region . After comparison and from a purely empirical approach, the contribution of the two processes is close to the experimental results when b = 1.5 and c = 3. In addition, and can be obtained from equations (7) and (8), so that the complete magnetostriction curve could be expressed as follows:
The symbol is used to assist in calculating the integral. The magnetostriction curve formed by the equation (9) is shown in Fig. 4 . This semi-empirical modelling result is in good agreement with the experimental results. 
Magnetostriction curves at different temperatures
It should be noted that the behavior of the magnetostriction curve of polycrystalline iron is related to and . Both of these two parameters change with temperature, and this variation has been measured by other scholars [33] , shown in Fig. 5 . Both and have obvious changes with temperature below the Curie temperature (T C ). The magnetostriction curves in the temperature region of 300 K -900 K are predicted, employing the optimized model, and the results are shown in Fig. 6 . It is important to note that the saturation magnetostriction of polycrystalline iron increases from approximately at 300 K to at 800 K. In addition, from 300 K to 500 K, the magnetostriction coefficient increases to a positive maximum value between before decreasing to a negative value, as the magnetic field strength increases where . The magnetostriction coefficients consistently maintain a positive value at temperatures between 500 K to 900 K for all values of applied field from . The result is very significant for studying the excitation efficiency of EMATs via the magnetostrictive mechanism. With an increase of temperature, the magnetic permeability and electrical conductivity of iron decreases sharply [28, 29] , so that the contribution to ultrasonic generation by the Lorentz force mechanism decreases [17, 18] . However, the increase of the magnetostriction coefficient means that the contribution to ultrasonic generation by the magnetostriction mechanism may increase with the increasing temperature. In the next section, a finite element method is applied to simulate the ultrasonic wave generated by the magnetostriction mechanism, according to the magnetostriction curves shown in Fig. 6 at different temperatures. 
Simulations
A 2-D FE model is built using the multi-physics simulation software COMSOL Multiphysics 5.3 ® to simulate the excitation process of the EMAT, based on the magnetostrictive and Lorentz mechanisms. The physics involved in the coupling process includes electric and magnetic fields and the resulting force distribution. The coupling between the electric and magnetic fields is based on the classical Maxwell equations, and that between the magnetic field and resultant force is based on magnetostriction theory, which is the focus of this paper. A nonlinear magnetisation model is adopted to make the simulation more consistent with the actual magnetisation. The iron's magnetisation curves at different temperatures could be obtained experimentally [34] , but are not readily available, so the Langevin function is used to approximate these curves [35, 36] . Ignoring the hysteresis effect, the material's magnetisation can be expressed as follows:
where, is the magnetic field, and is Langevin function which is defined by:
where, is the initial susceptibility and is the saturation magnetisation. Both these two parameters are temperature dependent. It is known that as temperature increases from absolute zero, approaching T C , that the ferromagnetic material's spontaneous magnetisation gradually decreases to effectively zero at T C , after which it remains at effectively zero as the sample becomes paramagnetic [29] . This process can be described by the Ising model, which assumes that the atomic spin direction of the magnetic material obeys the Boltzmann distribution [29, 37] , resulting in the spontaneous magnetisation curve with temperature for iron as shown in Fig. 7 . In a ferromagnetic material, the spontaneous magnetisation is the magnetisation of a magnetic domain, which is also amount to saturation magnetisation for polycrystalline when the defects and impurities are ignored. At the temperature of about 0 K, iron's spontaneous magnetisation [38] , and the initial magnetic susceptibility . Then, both the initial susceptibility and saturation magnetisation at different temperatures can be got from the Fig. 7 . The coupling of the magnetic field to the force distribution is more complicated. For polycrystalline iron, in the absence of stress, the magnetostriciton is assumed to be isotropic [31] . The magnetostriction curves show that for polycrystalline iron, the relationship between magnetic field and stress is highly nonlinear, so a non-linear isotropic magnetostriction model is used in the simulation. The tensor matrix of strain can be obtained from magnetisation in terms of the magnetostriction curves. For the magnetisation vector , where, is the transpose symbol, and the tensor matrix is:
Magnetostrictive strain is a constant volume strain [31] , which can be expressed as:
where, the function comes from the magnetostriction curve, and is the deviatoric tensor of , whose components are defined as follows:
Then, the stress tensor can be expressed as:
where, is the elastic strain tensor, and is the stiffness matrix whose components can be represented in terms of Young's modulus and Poisson's ratio, which are also temperature dependent. Fig. 8 . The geometry of the 2-D FE model used to simulate ultrasonic generation by magnetostriction. Sample thickness is 4 mm, and width is 330 mm. The coil is a 5 turn, spiral pancake coil, with a lift-off of 10 mm, and the diameter of each turn is 0.68 mm, so the width of the coil is . Only the coupling domain region is used in the calculation of the magnetostriction coupling to speed up the calculation. All dimensions shown are in millimetres. Fig. 9 . The pulse current through the excitation coil, which is sampled from the EMAT transmitter by measuring the voltage across a 0.1 Ω resistor in series with the inductive EMAT coil. The geometry of the 2-D FE model used to simulate ultrasonic generation by magnetostriction is shown in Fig. 8 , which includes the coil, air, and sample. The coil is copper wire of diameter 0.68 mm. In principle, the return path of the coil should be added in the model for facticity, as shown in Fig. 12 , however, since the return path is relatively far from the surface of the specimen (25 mm), it's influence is neglected in order to simplify the model. The permeability of air is defined as 1 and conductivity is (this small value provides numerical computation stability). The 1020 steel alloy is defined as the material of the sample, whose conductivity is given by the inbuilt temperature-conductivity curve of COMSOL. Similarly, Young's modulus, Poisson's ratio, and density are also obtained from COMSOL's inbuilt library as shown in Table 1 . To speed up the computation, the magnetostriction coupling is only applied to the part of the sample immediately below the coil, defined as the coupling domain in Fig 8. The temporal profile of the experimentally measured, broadband current pulse through the EMAT coil is shown in the Fig. 9 . The peak value of the current is approximately 270 A with a 10 duration. The FE model is calculated when the temperature is set to values between 300 K to 900 K, in steps of 100 K. A detection point is set on the upper surface of the sample at 230 mm from the right side of the coil, and its horizontal displacement is recorded as time progresses. The curves of the horizontal displacement of the detection point at 300 K, 500 K, 700 K, 900 K are shown in Fig. 10 . Lamb waves are usually generated in the plate sample, and the simulated S0 Lamb wave is the first wave to reach the detection point, followed by the A0 Lamb wave [26] , as shown in the Fig. 10 . The simulation results show that the amplitude of the S0 Lamb wave increases with temperature in the range of 300 K to 900 K, which support the argument that the contribution of the magnetostriction mechanism to the EMAT's ultrasound generation increases over a wide temperature range, below T C .
S0 Lamb waves
To this point, the electromagnetic excitation and the ultrasonic propagation processes are simulated. In order to facilitate the comparison with experimental results, the EMAT's receiving process also needs to be taken into account. The function of an EMAT receiver is to convert the vibration of the sample's surface into a voltage signal. For a traditional EMAT receiver, Faraday's law of electromagnetic induction is considered to be the main contributor to this transduction process [39] , although it also includes the magnetoelastic effect [26] . The magnitude of the voltage signal is proportional to the eddy current density below the probe, which is defined by the following formula [39] :
where, is the conductivity of the sample, is the particle vibration velocity at the sample's surface, and is the magnetic flux density. The formula shows that the size of is proportional to , while, the size of is proportional to the particle displacement and frequency of vibration. However, both and are variable with temperature. The change of is shown in Table 1 , and is given by:
where, is the magnetic field strength and is the magnetisation. In order to study the relationship between the and temperature, a steady-state nonlinear finite element model (not shown) is established. A permanent magnet NdFeB is employed to provide the static magnetic field, and the lift-off is set to 1 mm. The configuration is same with the practical experiments, and the reduction of the residual magnetic flux density caused by the temperature-rise of the permanent magnet is not considered in the simulation. The simulation results show that, in the temperature range of 300 K to 900 K, the magnetic flux density in the sample directly under the permanent magnet changes very little, which can be ignored. Therefore, only the effect of temperature on the electrical conductivity is considered here. Fig. 11 Normalized amplitude of particle displacement and the amplitude of the received signal varying with the increment of the temperature. The blue broken curve indicates the vibration amplitude of the particles at the surface. The orange solid curve represents the signal amplitude of the receiving EAMT. These amplitudes are normalized with reference to the value at a temperature of 300 K.
After considering the effect of temperature on electrical conductivity of the sample, the growth rate of the signal amplitude is reduced, which is plotted as a curve, as shown in Fig. 11 . As a comparison, the change over the temperature of the vibration amplitude of the particles at the surface is also plotted. Both of them increase with a rise in temperature and reach a maximum at 900 K, with an increase of a factor of 5.06 and 1.88 for the particle displacement amplitude and the voltage signal from the EMAT receiver, respectively. In the next section, experiments are conducted to verify the simulation results.
Experiments
In this section, series experiments are achieved to verify the simulation results. A configuration of a coil with a bias magnetic field is usually applied in conventional EMATs, whose mechanisms mainly include Lorentz force and magnetostriction (for magnetic materials). Previous work shows that magnetostriction becomes the main contributor and the Lorentz force could be ignored when the lift-off of a coil-only transducer is more than 7 mm [26] . The coil-only transducer is employed as the excitation transducer in these experiments with a 10 mm lift-off. The schematic diagram of the experimental configuration is shown in Fig. 12 . The excitation coil is wound on a plastic former. The dimensions of the former in the Y direction and the Z direction are 15 mm and 20 mm respectively. The coil is made of enameled copper wire with a diameter of 0.68 mm, turns 5. A traditional linear coil EMAT with a magnetic field normal to the sample surface is used as the receiving transducer, 462 mm away from the excitation coil as measured from the coil centers. The lift-off of the receiving transducer is 1 mm. A non-conducting layer of thermal insulation is attached at the bottom of the receiving EMAT to reduce the flow of heat to the EMAT. A 1020 steel alloy plate is used as the sample, with a length L = 620 mm, thickness T = 4 mm, and width 100 mm. The pulse current through the excitation coil is the same as that used in the simulation, as shown in Fig. 9 . In the experiments, three 1020 steel plates (0.18% C, 0.25% Si, 0.5% Mn) are tested, and all the samples are pretreated before the experiments: firstly, the samples are heated and kept at a temperature of 923 K for two hours in an electric resistance furnace, and are then cooled in the furnace to remove most of the stress caused by rolling and cutting, because stress can have a significant effect on the magnetostrictive parameter [32] . Then, the regions on the surface under the generator and the receiver are polished to remove any oxide layer. A silicone resin paint is applied to these regions to prevent oxidation at high temperature during the course of the experiments. These samples are tested at these target temperatures: room temperature, 373 K, 473 K, 573 K, 673 K, 773 K, and 873 K. The temperature of the samples drops rapidly when they are exposed to air, so they are heated above these target temperatures for experimentation. For example, the samples are heated to 500 K when the target temperature is 473 K. An infrared temperature sensor gun is employed to monitor the surface temperature of the samples. The signals from the receiving transducer are recorded and averaged over 32 times to reduce any electrical noise, and part of the A-scans are shown in Fig. 13 . The feature identified on the waveforms inside the circle is the S0 Lamb wave, whose magnitude can be used as the basis for estimating the efficiency of the transduction. The waves following the S0 wave are the A0 wave and the other superpositions of S0 and A0 waves from the edges of the sample. S0 wave Fig. 13 . The recorded waves at the temperature of 298 K, 473 K, 673 K and 873 K. The features in the circles correspond to the S0 model Lamb waves. Fig. 14. The normalized amplitude of S0 Lamb waves that from the results of the experiments, the simulation and the traditional Lorenz based EMAT which is configured with several periodic permanent magnets and a racetrack coil [17] . The error bars indicate the deviation versus the average value of the experiment results. Due to the serious electromagnetic interference in our experimental environment, the experimental results still have large errors even after being averaged.
For each sample, the amplitudes of these S0 waves are calculated first and then are averaged for all of the samples. The normalized results are shown in Fig. 14. For ease of comparison, both the simulation results and the results from traditional Lorenz based EMAT [17] are also shown in the Fig. 14. The simulation result is in a good accordance with the experiment result. Both the simulation and the experiment result clearly show that the contribution of magnetostriction mechanism to ultrasonic generation by the EMAT described in the paper, increases as increment of temperature over the range of 300 K to 900 K. Despite the fact that one would also expect ultrasonic attenuation. Over this increase in temperature one would expect the ultrasonic attenuation of the sample to increase and the efficiency of the EMAT detector to decrease as the electrical conductivity of the sample falls. The contribution of the Lorenz mechanism to the generation of ultrasonic waves will also decrease with increasing temperature as again the electrical conductivity of the sample falls. Except for magnetostriction, all other mechanisms involved in the generation and detection of the ultrasonic waves on the sample would cause the received signal amplitude to fall, clearly demonstrating that there is a significant rise in the contribution of the magnetostrictive measurements in this sample.
Discussion
Unfortunately, we have been unable to obtain experimental data on the magnetostriction curve of polycrystalline iron at high temperatures. It is very difficult to measure the magnetostriction curve of polycrystalline iron at high temperature. The thermal expansion coefficient of the iron is at the order of / °C, which is an order of magnitude larger than the magnetostriction coefficient ( ), while, it is difficult to keep the temperature constant. So, the static measurement method is not available, only a dynamic measurement method (provide dynamic magnetic field) could be helpful. Because of the high temperatures, traditional methods of bonding the strain gauges to the sample are unavailable. Besides, iron is easily oxidized when exposed to air at a high temperature, and the appearance of an oxide layer would either detach or detrimentally affect a strain gauge measurement. Although a method for measuring the magnetostriction of a material at high temperatures is discussed in the published literature [34] , the authors point out that it is not suitable for iron because of surface oxidisation.
In the experiments, the receiving EMAT is isolated from the sample by a piece of temperature-resistant material with the lift-off of 1 mm, but the receiving EMAT will still be heated, and the efficiency of EMAT will be reduce, primarily due to a slight drop in the permanent magnet's flux density and a decrease in the conductivity of the wire in the EMAT's coil [17] . In the experiment, the receiver is cooled before the test, and the duration of the single test process is limited to within 5 s in order to reduce the temperature rise of the receiving probe. The receiver's maximum temperature reaches about 60 degree Celsius which is still in the work temperature range, so that any effects of decreased signal amplitude due to the detection EMAT heating up are not considered.
In the experiments, we handedly polished the surface of the sample before painted. The residual stress caused by this operation should be discussed. Usually, machining operations such as milling, planning and broaching significantly cause the residual stress on the surface of the material. Nevertheless, abrasion operations such as polishing, and honing are performed with lower speed, pressure and hence incorporate fewer residual stresses. In addition, a softer material 1020 steel is acted as the sample which can also reduce the residual stress caused by the polishing operation. Therefore, the affection caused by the polishing operation to current results is not been observed. Fig. 15 The comparison results between the samples exposed to air and coated with protective paint. the Y-axis data is the normalized amplitude of S0 lamb waves. The error bars indicate the deviation versus the average value of the experiment results. Iron and low carbon steels are rapidly oxidized in high temperatures, forming a surface oxide layer. One of its oxides, Fe3O4 (magnetite), is also a highly magnetostrictive magnetic material, which if present on the sample surface during experiments would prevent validation of the simulation results. Therefore, in the experiment, all the samples are coated with high-temperature paint after heat treating for stress removal and polishing, to prevent the samples from being oxidized in a high temperature environment. However, in most real high-temperature applications, no anti-oxidation measures are taken on the steel and an oxide layer grows on the surface of the steel, increasing in thickness with both time and temperature. Because real samples and in some cases experimental measurements are performed when magnetite is present on the sample surface, some additional measurements are taken for this situation. A number of samples are not polished or painted after being destressed, and they are directly exposed to the ambient atmosphere during heating. The experimental results for these measurements are shown in figure 15 . It is clear that the magnetostrictive effect in the samples with a magnetite oxide layer is more pronounced as the temperature increases. The amplitude of S0 wave rises with temperature in the range of 300 K to 773 K, and then decreases in the temperature range of 773 K to 873 K. This is because as the temperature approaches closer to magnetite's Curie temperature, it's magnetostriction parameter reduces, until it becomes non-magnetic at its Curie point of 838 K [40] . It is also possible that the magnetostriction parameter of magnetite increases from room temperature, but it is difficult to separate this from the increase in the thickness of the magnetite layer during the experiment. Fig. 16 The magnetisation distribution in the magnetostriction coupling region. The maximum magnetisation reaches a maximum when the time is 5 . The temperature is set to 300 K. A typical EMAT is usually configured with an excitation coil and a bias magnetic field (vertical or horizontal). In order to achieve a higher efficiency, the bias magnetic field strength is generally set to a large value. The dynamic magnetic field generated by the excitation coil is superimposed on the bias magnetic field, so that the sample is mainly magnetized in the domain rotation phase [6] . However, the generator shown in this paper has a large lift-off distance (10 mm) and without a bias magnetic field, so the magnetisation in the sample is much smaller. Fig. 16 shows the distribution of magnetisation when it reaches its maximum value at 5
. The maximum magnetisation is , while the saturation magnetisation is at 300 K. So, the maximum magnetisation ratio is about 0.4, which is still in the domain wall movement phase. Defects and impurities in the crystal structure usually form potential energy barriers to domain wall movement, which leads to energy loss. However, the numerical simulation doesn't consider this loss. So, the result of the simulation may overestimation the transduction efficiency. Fig. 6 shows that, as the temperature rises, the slope of the magnetostriction curve increases at the domain wall movement phase, which is seemly inverse in the domain rotation phase. So, a different conclusion may be got in a traditional EMAT, which needs further research and is beyond the scope of this paper. This paper shows that for the generation EMAT described in this paper, the contribution of the magnetostrictive mechanism to the energy conversion efficiency of electrical to ultrasonic rises with increasing temperature, while the contribution of the Lorentz force mechanism decreases. Note though it has not been proved that, at high temperature on steel, the Lorentz force contribution ratio is smaller than that of the magnetostrictive mechanism for a conventional EMAT, and previous work would indicate that for conventional EMATs, the Lorentz force remains the dominant generation mechanism at increased temperature. Even so, it provides a theoretical basis for the structural design of a type of EMAT that could be applied at high temperatures.
In addition to temperature, the magnetostrictive coefficient of the material are also affected by the material composition, internal impurities, stress, and other factors, that are not considered in this paper, and will be the subject of further research.
Conclusions
Based on Brown's the magnetic domain wall movement model and Lee's the domain rotation model, the magnetostriction model is carefully optimized for the polycrystalline iron. The magnetostriction curves of polycrystalline iron for temperature range 300 K to 900 K are given, which reveal that the saturated magnetostriction coefficient changes from to about . A 2-D non-linear isotropic magnetostriction FE model is developed to simulate the Lamb waves generated by EMAT's magnetostriction mechanism in 4 mm steel plate. The simulation results show that the amplitude of S0 Lamb wave rise evidently with the increment of temperature.
Series experiments are employed to verify the simulation. Experiment results verify that the contribution of the magnetostriction mechanism to EMAT's efficiency increases with increasing temperature. This conclusion provides an important basis for the optimization of the EMAT probe used in high temperature testing or measurement.
